A defining characteristic of marsupials is that they give birth to underdeveloped young (Tyndale-Biscoe and Renfree 1987) . The young emerges from the uterus without immunological tissues or organs, and their immune system develops outside the sterile confines of the uterus (Old and Deane 2000) . These features make them ideal model organisms for developmental immunology studies. However, research in this area has been limited, due to a general lack of understanding of marsupial immunology. Early studies suggested that marsupials have limited capacity for antibody class switching, a lack of allogeneic recognition, and a deficient memory response (Stone et al. 1996) . The inability to isolate many of the more divergent immune molecules in the laboratory fuelled debates about the level of complexity of the marsupial immune system (Jurd 1994; Young and Deane 2003; Wong et al. 2006 ). However, recent molecular studies are starting to uncover a genomic architecture of the marsupial immune system that is very similar to that of eutherian mammals. Highly conserved immune genes, including the immunoglobulins M, A, G, and E (Miller and Belov 2000) , T cell receptors ␣, ␤, ␥, ␦ (Baker et al. 2001) , and major histocompatibility complex (MHC) genes (Miska and Miller 1999; Gouin et al. 2006) , were isolated in the laboratory, their gene clusters characterized R.D. Miller, in prep.) , and divergent immune molecules, including Th1 and Th2 cytokines, identified (Wong et al. 2006 ).
The key difference that separates the immune systems of marsupials and eutherians is that marsupial neonates have no adaptive immune system, while eutherian young are born with a relatively well developed adaptive immune system (Old and Deane 2000) . The gray short-tailed opossum (Monodelphis domestica) is born after a gestation period of only 15 d. The young are born without immunological tissues or organs, and their immune system develops in the presence of pathogens. Unlike most other marsupials, the opossum does not have a pouch, and spends its first 16 d attached to one of the mother's teats. The mechanism by which the immunologically naïve young survives pathogen challenge during this period is not fully understood. Maternal antibodies are not passed across the placenta in the opossum (Samples et al. 1986 ) and the young cannot produce their own antibodies until day 7 postpartum. Therefore, during the first 7 d of life, the young are heavily reliant on passive immunity through lactation. The young permanently suckle for 16 d, followed by a 20-d period of intermittent suckling. Intermittent suckling corresponds with exposure to new pathogens and an increase in immunocompetence. The young are weaned at 60 d of age (Tyndale-Biscoe 2005) , corresponding to the termination of absorption of antibodies across the gut epithelium (Wild et al. 1994) . It is possible that the marsupial young are reliant on innate immunity during their first few weeks of life. Marsupial-specific expansions of innate immune genes would support this notion.
The availability of the first marsupial genome (Mikkelsen et al. 2007 ) has allowed the in silico identification of immune genes in the opossum genome. We have not included immune genes that are encoded in gene segments, such as immunoglobulins and T cell receptors and specifically focus on several key immune multigene families, which are potentially involved in the protection of the immunologically naïve young: the defensins, cathelicidins, chemokines, and Natural Killer (NK) receptor gene clusters.
Results and Discussion
The immunome
In this study, we used the human Immunogenetic Related Information Source (IRIS) (Kelley et al. 2005a ) to search the opossum genome for homologous genes, which are likely to have an immune function. We aligned 1528 human immune-related proteins from the IRIS database with the opossum genome; 1405 aligned successfully (E < 1 ‫ן‬ 10 ‫5מ‬ ), a further 48 aligned with lower stringency (0.01 < E < 1 ‫ן‬ 10 ‫5מ‬ ), and 75 proteins did not align at all (E > 0.01). We constructed chains of high-scoring segment pairs (HSPs) and aligned these against both the IRIS and RefSeq databases. By taking the reciprocal best hit (with E-value < 1 ‫ן‬ 10 ‫5מ‬ ) we were able to find 1111 putative orthologs. Gene predictions are available via keyword search on our genome browser at http://bioinf.wehi.edu.au/opossum/. Overall, it appears that the genetic content of the marsupial immune system is as extensive as that of their eutherian counterparts.
Genes not identified using this method included the rapidly evolving gene families encoding the Natural Killer cell receptors, interleukins, interferons, chemokines, defensins, and cathelicidins. Not surprisingly, many of these genes are also unrepresented or poorly represented in the opossum genebuilds (data not shown). The identification and characterization of these genes are the focus for this paper. We were able to identify members of all of these gene families by taking into account gene features including genome location (conserved synteny) and presence of key domains (e.g., immunoglobulin and C-type lectin domains). Our gene predictions can be found at http:// bioinf.wehi.edu.au/opossum/, with additional information on identification of chemokines described in the Supplemental Material.
A comparison of immune gene numbers between the opossum, human, mouse, and chicken is shown in Table 1 . The immune gene content of the opossum is on par with that of humans and mice and it is likely that the diversification of immune genes that resulted in the highly complex immune system of eutherian mammals occurred prior to the divergence of the marsupial and eutherian lineages. The immune system of chickens appears to be much simpler than that of mammals. This is supported by the fact that the chicken MHC is "minimal essential" (Kaufman et al. 1999) and is much more compact and simple than the MHC of mammals. Genomic and EST sequencing has led to the recent discovery of many chicken immune genes including interleukins, chemokines, and genes involved in the Toll-like pathway (Smith et al. 2004; Burt 2005) . The marsupial data will allow the prediction of ancestral genes phylogenetically through the alignment of mammalian sequences. Searching the chicken genome with ancestral sequences will reduce the evolutionary distance between bird and human immune genes and aid the identification of highly divergent genes.
The large scale organization of identified immune genes in the opossum genome is shown in Figure 1 . It should be noted that our search strategy was largely based on cross-species searches. As a consequence, it is possible that some novel opossum immune genes may have been overlooked. In general, immune genes are randomly distributed across the genome, with the exception of several immune gene clusters, including the leukocyte receptor complex (LRC), the Natural Killer complex (NKC), the major histocompatibility complex (MHC) and paralogous regions, immunoglobulin heavy and light chain genes, the T cell receptors genes, the toll-like receptor genes (TLR), and the antimicrobial peptide genes.
A large number of immune genes are also seen on the unordered chromosome, which consists of genomic segments that have not yet been assigned to chromosomes. The high number of immune genes on the unordered chromosome is probably the result of difficulties in genome assembly around genes belonging to large gene families that evolve by duplication and diversification, and around alleles and between haplotypes with variable copy number. This is supported by the fact that we identified related genes for all of the key gene families, studied in this paper, on the unordered chromosome.
The fact that genes that evolve by tandem duplication (including defensins, C-type lectin, and immunoglobulin-like receptor genes) are found in clusters in the opossum genome is not surprising. However, clustering of unrelated immune genes is more interesting. For instance, unrelated genes within the MHC region have remained clustered for extended periods of time. The MHC is one of the most intensively studied immune gene clusters, yet the evolution of this region is still subject to debate. The presence of four MHC paralogous regions in higher vertebrates has been used to suggest that the vertebrate genome underwent two rounds of duplication in its early evolution (Kasahara 1997) . Evidence for this has mainly been provided by comparing the presence and arrangement of these genes in human with the arrangement in the proto-MHC in amphioxus (Abi-Rached et al. 2002) . The paralogous region on human chr9q32-q34 is thought to correspond to the ancestral region from which the MHC evolved (Vienne et al. 2003) . However, the recent elucidation of the gene organization of the opossum MHC demonstrated that the organization of the human MHC is derived, as the deduced ancestral mammalian MHC organization did not have the Class I and II genes separated by the Class III region . The ancestral organization of the opossum MHC, in conjunction with the fact that the gene content is similar to that in humans, makes the opossum an ideal model for studying the evolution of MHC paralogous regions. The opossum MHC paralogous regions were identified on chromosomes 1, 2, and 3 and correspond to human paralogous regions on chromosomes 9, 1, and 19, respectively (details in Supplemental Material). The order of genes is highly conserved between the two MHC regions. The paralogous region on opossum chromosome 1 and its counterpart on human chromosome 9 are well conserved with only a few rearrangements. The other two regions have undergone extensive rearrangement. The discovery of a Class I-like gene called PROCR, which is an endothelial protein receptor, on opossum chromosome 1 is interesting. Opossum PROCR was identified within a block of genes that are located on human chromosome 20, adjacent to an MHC paralogous region. Maruoka et al. (2005) found that PROCR and CD1 are more closely related to each other than they are to other Class I sequences and suggested that they arose by tandem duplication of MHC Class I genes within the MHC, followed by translocation of PROCR to a location outside the MHC (Maruoka et al. 2005) . We propose that PROCR may have evolved as a component of a block duplication during the formation of the MHC paralogous regions.
The discovery of clustering of individual MHC and NK receptor genes is becoming increasingly common. The chicken MHC contains C-type lectin genes and Class I-related paralog CD1 genes (Rogers et al. 2005) , while the opossum MHC contains Oscar, a gene found in the LRC of eutherian mammals . A2M, a complement component paralog, is found within the NKC of the opossum and humans, but just outside the NKC in rodents. Class I-related genes, Mill1 and Mill2, are located near the LRC in mice (Kasahara et al. 2002) . TAPBPL, a tapasinlike gene is located near the NKC region in humans (Teng et al. 2002) but is not part of the NKC region in opossum (instead being found on chromosome 2). The MHC of Xenopus contains XMIV genes that are believed to be Ig-like receptors containing ITIMs and ITAM motifs (Ohta et al. 2006) . Colocalization of MHC Class I ligands and their NK receptors in an ancestral immune supercomplex would have allowed the coevolution of ligands and receptors. However, clustering does not appear to be essential for immune function, and over time the genes within these clusters have dispersed, resulting in different organization in different lineages.
The antimicrobial peptides
Eminent marsupial reproductive biologists have long appreciated that surgical incisions on pouch young returned to a nonsterile pouch do not become infected (Renfree and Tyndale-Biscoe 1978) . The antimicrobial peptides (AMP) may play a key role in protecting immunologically vulnerable young during early development, as they provide immediate defense through their antibiotic activity and direct killing of a wide variety of microorganisms. AMPs can be divided into two main groups: cathelicidins and defensins. The opossum genome contains 12 cathelicidins, 32 beta-defensins, and a single alpha-defensin gene. 
Cathelicidins
Twelve cathelicidin genes (details in Supplemental Material) were found in a single cluster on opossum chromosome 6. This region displays conserved synteny with the cathelicidin clusters found in eutherian mammals and birds (Uzzell et al. 2003; Chang et al. 2006; Xiao et al. 2006) . The opossum cathelicidin antimicrobial mature peptide sequences are highly heterogeneous. The high level of sequence divergence in the opossum cathelicidin genes is highlighted by the long branches separating them on a phylogenetic tree (Fig. 2) , and amino acid identities of the precursor peptides ranging from 5% to 95% and the mature peptides from 1% to 94%. The level of heterogeneity in opossum cathelicidin genes is much greater than that seen within other species. This may have resulted from positive Darwinian selection on cathelicidin gene sequences by a highly diverse array of microbial pathogens and could be related to the young's reliance on innate immunity for the first week of life.
Defensins
Defensins are a family of cationic AMPs with three pairs of intramolecular cysteine disulfide bonds. They belong to one of the most rapidly evolving mammalian gene families. On the basis of their size and spacing of disulfide bonds, defensins can be classified into three subfamilies: alpha, beta, and theta. A total of 37 putative defensins genes and pseudogenes were identified in the genome of the opossum. Details are given in Supplemental Table 1 .
The opossum beta-defensin genes are arranged in three clusters, which display conserved synteny to the four or five clusters found in humans, rodents, and dogs (summarized in Fig. 3 ; Patil et al. 2005) . The chicken genome contains only 13 beta-defensin genes, which are found in a single cluster of 86 kb on chromosome 3 (Lynn et al. 2004; Xiao et al. 2004 ). This cluster displays conserved synteny with the two clusters on human chromosome 8 (clusters A and B) and does not contain any alpha-or thetadefensins. The evolutionary relationship of the opossum genes was determined phylogenetically, as described in the Supplemental Material. The phylogenetic tree and synteny map allowed us to assign opossum beta-defensins to known eutherian defensin gene families and to detect some opossum specific lineage expansions. For instance, MdoDEFB20 is clearly orthologous to dog DEFB140 and rat and mouse Defb51, while MdoDEFB21 is orthologous to rodent Defb14 and human and dog DEFB103 defensin gene families (Supplemental Fig. 3) . A large opossumspecific expansion is seen in cluster A. It is possible that these genes have a specific role in marsupial immunity that is not required in eutherians, such as protection of underdeveloped young.
A single alpha-defensin was found in the opossum genome (details in Supplemental Material) on chromosome 1, in conserved syntenic cluster A (Fig. 3) . Previously, alpha-defensins had only been identified in eutherian mammals, including humans, rodents, lagomorphs, and horses (Patil et al. 2004) . The discovery of a marsupial alpha-defensin indicates that the gene duplication of a beta-defensins that gave rise to the alpha-defensin lineage (Patil et al. 2004 ) occurred prior to the divergence of the marsupial and eutherian lineages, 180 million years ago. The alphadefensin loci are conserved in syntenic chromosomal regions (Fig. 3) . Identification of a marsupial alpha-defensin genes and beta-defensins orthologs between marsupials and eutherians suggests that the mammalian antimicrobial repertoire diversified rapidly through gene duplication and chromosomal translocation after the divergence of birds and mammals, ∼310 million years ago, but prior to the divergence of marsupials and eutherians, ∼180 million years ago.
The NK receptors
Natural Killer (NK) cells play a key role in the innate immune system, destroying virally infected cells and cancer cells. NK cells contain activating and inhibitory receptors that respond to counter-receptors on target cells. The detection of suitable targets by NK cells is mediated by two major families of receptor molecules: the immunoglobulin superfamily (IgSF) and the C-type lectin superfamily (CLSF). The ligands for many of these receptors are the MHC Class I molecules. In eutherian mammals, immunoglobulin superfamily NK receptors are found in the leukocyte receptor complex (LRC) while C-type lectin-like domain containing NK receptor genes are found in the Natural Killer complex (NKC).
The composition of the LRC and NKC differ markedly between species, as these gene families evolve quickly, with rapid lineage specific expansions and contractions (Kelley et al. 2005b) . Different eutherian lineages make use of genes from the two different superfamilies to carry out analogous functions. Humans preferentially use LRC-encoded KIR (killer cell immunoglobulinlike receptors) genes to engage nonclassical MHC Class I molecules, while rodents use NKC-encoded KLRA (Ly49) genes for the same role. The functional homology of human KIRs and mouse KLRA genes is believed to have arisen by convergent evolution. The study of the genetic composition of these clusters in different species provides us with clues about their evolution. Here we report the identification of the NKC and LRC regions in the opossum and provide some preliminary descriptions of their gene content and organization. Specifically, we report the absence of KLRA genes in the NKC (or elsewhere) and an expansion of unique Ig-like domain containing genes in the LRC.
The Natural Killer complex (NKC)
The opossum NKC is located on chromosome 8 and contains nine C-type lectin receptor genes. Gene prediction was con- 
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Cold Spring Harbor Laboratory Press on December 18, 2017 -Published by genome.cshlp.org Downloaded from ducted around the C-type lectin domains, and putative genes were assigned to gene families based on phylogenetic analysis (Supplemental Fig. 6 ). Orthologs for CLEC15A, CLEC4E, KLRF1-like1, CLEC4, CD69, CLEC1B, CLEC1A, KLRK1, KLRF1-like2 were identified. Eight of these genes were previously identified by Hao et al. (2006) from an earlier genome assembly. The level of amino acid identity between the opossum sequences ranged from 4% to 26%. The organization of the opossum NKC is similar to that seen in eutherians (Fig. 4) , with at least seven NKC genes predating the divergence of marsupials and eutherians. The identifica- Cold Spring Harbor Laboratory Press on December 18, 2017 -Published by genome.cshlp.org Downloaded from tion of this gene cluster indicates that the NKC appeared prior to the divergence of the marsupial and eutherian lineages, but the paucity of C-type lectin genes within the opossum NKC when compared with eutherian mammals, and especially the rodent lineages, suggests that rapid gene duplication occurred within the NKC in certain eutherian mammals.
The presence of KLRK1 in the opossum is interesting. KLRK1 (NKG2D) is a homodimer that is expressed on NK cells, macrophages, and T cells (Kelley et al. 2005b ). The ligands for KLRK1 include the MHC Class I-associated molecules MICA and MICB (Sentman et al. 2006 ). Classical MHC Class I genes evolve rapidly and tend to form species-specific clusters on phylogenetic trees. Therefore, orthologous relationships are not seen between opossum and human MHC Class I genes (Miska and Miller 1999) . MIC is an exception. A MIC ortholog is present in the MHC of the opossum ), so it is perhaps not surprising that its receptor is also highly conserved. The opossum KLRK1 sequence shares 60% amino acid identity with its human and 65% identity with its cattle, dog, and rat counterparts.
The leukocyte receptor complex (LRC)
The opossum LRC is located on chromosome 4. It contains a large expansion of Ig domains, which are found in five separate clusters (shown in Fig. 5 ). It appears that the automated gene builds were generally unable to correctly identify these genes. This is not surprising given the complex and variable nature of the eutherian and avian LRC genes. The human LRC (Chr 19q13.4) contains ∼30 IgSF receptor genes (Martin et al. 2002) . These genes can be divided into several multigene families based on gene organization, phylogeny, and structure. They include the killer cell immunoglobulin-like receptors (KIR) and leukocyte Ig-like receptors (LILR) and leukocyte-associated Ig-like receptors (LAIR), platelet glycoprotein VI (GP6), the natural cytotoxicity receptor 1 (NCR1), and the receptor for the IgA fragment (FCAR). The number of Ig-like domains in these molecules varies, as can be seen in Supplemental Figure 7 . All of these genes are believed to have evolved from a common ancestral gene containing an Ig domain. The human LRC contains ∼15 KIR genes. Different haplotypes contain different numbers of genes that are believed to have arisen as a result of nonreciprocal crossovers. The KIR genes evolve rapidly and share high levels of sequence similarity. Primate, cattle, and pig genomes also contain KIR genes within their LRC. The human LRC also contains 13 LILR genes.
The mouse LRC does not contain any KIR or LILR genes. They do, however, have an expansion of paired immunoglobulin-like receptor (PIR) genes. The PIR molecules are expressed on a wide range of immune cells and, like KIR and LILR, also interact with MHC Class I ligands. There are at least seven PIR genes in the mouse genome, and they contain six Ig domains (for review, see Takai and Ono 2001) .
Similarly, the chicken does not contain any KIR or LILR homologs, but the chicken LRC contains 103 immunoglobulin-like activating and inhibitory receptors, which are tightly clustered on a microchromosome (Laun et al. 2006 ). These chicken immunoglobulin-like receptors (CHIRs) contain one or two Ig domains (Dennis et al. 2000) .
The opossum LRC contains 154 Ig-like domains. Two Ig-like domains belong to CEACAM1 (also known as CD66). Five SIGLEC genes were recognized (details in Supplemental Material), including MAG (SIGLEC3) and CD22 (SIGLEC2). Adjacent to CD22 are 124 Ig-like domains with similarity to KIR and LILR Ig-like domains. A further 33 similar domains are found on the unordered chromosome. It is interesting to note that in eutherian mammals, KIRs, LILRs, and PIRs have the same transcriptional orientation, while chicken CHIRs and marsupial Ig-like receptors do not. Database searches with these domains suggest that these genes have a common ancestry with avian CHIR and eutherian KIR, LILR, GP6, and PIR genes. However, BLAST searches cannot assign domains to gene families, as opossum LRC domains hit multiple eutherian LRC genes with significant E-values. Reciprocal blasts did not identify the original sequence. An inability to assign opossum genes to the level of gene family was consistently seen with all opossum Ig-like domains. Therefore, we used phylogenetic analyses to examine the evolutionary relationship of marsupial immunoglobulin-like receptors with their likely counterparts in eutherian mammals and birds.
Ig-like domains within the LRC belong to the C2-set and evolved from an ancestral element. Nikolaidis et al. (2005) have separated the mammalian LRC Ig-like domains into two groups: MI and MII types, and avian Ig-like domains into CI and CII types. They found that all mammalian KIR genes are composed of MII domains, LILR domains 2 through 4 are of the MII type, whereas LILR domain 1s are of the MI type. Chicken CHIR domain 1 sequences were CI type, whereas the second domain of CHIR molecules belonged to CII (summarized in Supplemental Fig. 7) . They proposed that a common ancestor for MI and CI genes existed before the separation of birds and mammals.
Phylogenetic analyses with 157 opossum Ig-like domains from chromosome 4 and the unordered chromosome were conducted. Our analyses confirmed that the opossum Ig-like domains are related to eutherian and avian LRC genes (Supplemental Fig. 9 ). The marsupial Ig-like receptors fell into three distinct clades on the tree. These clades have been designated I, Ia, and II. Clade I contains the eutherian MI and the chicken CI sequences.
Clade II contains the eutherian MII and the chicken CII sequences. Clade Ia is a sister group to the MI and CI clades, and contains only opossum sequences. Caution should be applied when interpreting the results of this tree, as bootstrap support was low due to the short length of the sequences.
Due to the rapid nature of the evolution of the LRC genes, only three opossum Ig domains could be assigned to known avian or eutherian gene families. Ig-like domains 112, 113, and 114 intersperse with eutherian MII and MI domains. Gene pre- Belov et al.
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www.genome.org diction around domains 112, 113, and 114 resulted in the identification of a gene that was most similar to GP6, based on BLAST searches. Phylogenetic analysis suggests that the predicted gene may be a GP6 homolog (Supplemental Fig. 10) . In eutherian mammals, GP6 plays an important role in collagen-induced activation and aggregation of platelets. GP6 has not been identified in chicken. Its presence in marsupials and eutherians indicates that it is not under the same selection pressure as other LRCencoded genes.
The other 154 marsupial Ig-like domains form lineage specific clusters on the tree and do not intersperse within the eutherian KIR and LILR or avian CHIR Ig domains. Since these Iglike domains could not be assigned to eutherian or avian gene families based on phylogeny, we have named them MAIRs (Marsupial immunoglobulin-like receptors).
We adopted a strategy for identifying chains of Ig-like domains rather than gene prediction for MAIRs, as the structure of related eutherian genes and gene transcripts is variable. We identified 45 putative MAIR open reading frames (ORFs) (38 on chromosome 4 and seven on the unordered chromosome), which may be composed of two to five domains. MAIRs containing only one Ig domain are also possible. The phylogenetic designation of the different domains is shown in Figure 5 . It appears that two domain molecules can either contain domains of type I and II, resembling CHIRs, NCR1, GP6, and FCAR. Predicted ORFs containing domains of type Ia and II could feasibly resemble two domain KIRs, while three domain MAIRs may resemble three domain KIRs. Four domain ORFs were also predicted and may be counterparts of LILRs. cDNA data are not available for marsupial Ig-like receptors. Confirmation of these predictions will be conducted in the laboratory in the near future. This is particularly important given that the region appears rearranged when compared to humans, and there may be issues with the assembly in this region (M. Grabherr, pers. comm.) . Moreover, this region is highly polymorphic and contains many SNPs and indels. Assembly of the LRC has also been problematic in other species (Laun et al. 2006) , and we will not be able to make any firm conclusions on the structure of the region until the entire region has been sequenced from BACs.
Over the past 310 million years, Ig-like receptor evolution in the LRC has been dynamic, with no discernible orthology between domains in the birds, marsupials, and eutherians. The opossum LRC contains an expansion of Ig-like receptors that is larger than that in the human genome. This diversification is likely to have been driven by exposure to different pathogens or pathogen pressures on newborns, as NK cell lysis does not require prior exposure to pathogens.
Conclusions
The elucidation of specific differences in immune function between different mammalian lineages helps increase our understanding of the evolution and function of our complex immune system. Marsupials last shared a common ancestor with birds 310 million years ago and with eutherians 180 million years ago. These large evolutionary distances have meant that identification of homologous immune genes in the laboratory has been difficult. The availability of the opossum genome has allowed us to identify highly divergent immune genes in these distantly related mammals. We conclude that the genetic architecture of the marsupial immune system is very similar to that of eutherian mammals. It is interesting to note that the number of innate immune genes in the opossum genome is not significantly different from that in eutherians, indicating that gene expansion alone cannot account for protection of immunologically naïve young. Instead, it appears that different pathogen pressures in different environments have resulted in gene expansions and contractions of immune gene families across all the mammalian lineages, accounting for the amazing diversity and complexity of immune responses we see today.
Availability of this genomic sequence opens the door to a new era of research into immune responses of marsupials and, perhaps more importantly, the emergence of a new model organism for studies on mammalian developmental immunology. We predict that the immune system of the opossum is similar enough to that of humans, that comparative studies will allow us to gain important information about the development of the immune system and mechanisms of protection of immunologically naïve young. The opossum is an ideal model organism because they are small, housed in mouse cages, and are highly prolific (average litter size is eight). Moreover, experimental manipulation and tissue collection do not require invasive procedures on the mother.
Methods Immunome
A total of 1528 known human immune proteins obtained from the IRIS database (Kelley et al. 2005a) were aligned against the opossum genome (MonDom4) using TBLASTN (Altschul et al. 1997) . Blast HSPs were chained. This immunome annotation was visualized using Gbrowse (http://www.gmod.org/) with all chains and the best scoring chain made available in separate tracks. To provide context for these immune genes, 27,962 human RefSeq proteins were also aligned (RefSeq v17) against the opossum genome using TBLASTN, and the chain containing the best hit was extracted.
Highly diverged or missing immune genes that did not align (E-value > 0.01) or aligned poorly (1e ‫ן‬ 10 ‫5מ‬ < E-value < 0.01) were sorted into gene families and, in some cases, more sensitive searches using synteny or profile hidden Markov models (HMMs) were undertaken. For example, the chemokines (CCL 1, 2, 7, 8, 11, 13, 15, 16, 18, 20, (23) (24) (25) (26) ) aligned poorly or not at all. HMMer (http://hmmer.janelia.org) was used to search for members of this gene family using interleukin 8-like chemokine local alignment profile HMM (PF00048) from Pfam (Finn et al. 2006 ). Hits to exons 2 and 3 in putative family members were chained and extracted for phylogenetic analysis. Gene prediction was not carried out.
Antimicrobials
To identify the location of putative beta-defensin genes in the opossum genome, the six frame translation was searched with HMMer using the beta-defensin profile HMM from Pfam (PF00711), which models the active peptide encoded in the second coding exon. Gene prediction was performed around high quality HMMer hits (E-value Յ 0.1) using GenomeScan (Yeh et al. 2001) . Extracted peptide sequence from the hit itself was supplied to GenomeScan in place of homologous sequence. Gene predictions were then curated, and only predictions with two coding exons that contained the six cysteine defensin motif in the second exon were retained. The beta-defensin profile HMM was updated to include the curated opossum sequences, and this process was repeated with the new profile.
In a few cases GenomeScan predicted long, multi-exon Characterization of the opossum immunome
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In addition to HMMer searches, 850 defensin protein sequences from GenBank and RefSeq (v17) were aligned with the opossum genome assembly (MonDom4) using TBLASTN. All significant blast matches (E-value Յ 1 ‫ן‬ 10
‫5מ‬
) that did not overlap a previously identified HMMer hit were extracted. Gene prediction was performed around these features using GenomeScan supplied with the homologous protein sequence.
A profile HMM was constructed using known alphadefensin proteins from primates and rodents. This was used to search the six frame translation of the opossum genome. Gene prediction was performed around high quality hits using GenomeScan with human homolog, NP_004075.
To identify possible cathelicidin genes in the opossum genome, the six frame translation was searched with HMMer using the cathelicidin local alignment profile HMM from Pfam (PF00666). This models the conserved domains of the second and third exons. Hits to putative second and third exons were chained to reveal the location of possible cathelicidins. Gene prediction was performed around these features using GenomeScan supplied with NP_004336.2 as a homologous sequence.
Natural Killer cell receptors
A gene map of the NKC was constructed using RefSeq and IRIS protein blast features (see Immunome above). Additionally, we searched for C-type lectin (PF00059) and KLRA (PF08391) domains using HMMer. GenomeScan was used to predict NKC sequences.
The location of the LRC was identified using BLAST hits to KIRs, LILRs, and SIGLECs from the immunome search and from the human-opossum synteny map. This region was then searched for immunoglobulin domains using HMMer and the Pfam immunoglobulin profile HMM (PF00047). High-quality HMMer hits (E-value Յ 0.1) with open reading frames were extracted, and chains of Ig-like domains with gaps <2.5 kb were identified.
